proline betaine was quantified and normalized to osmolality. Calibration curves were 8 developed and used to predict citrus intake in an independent cohort; the Irish National Adult 9
Introduction

26
In an endeavor to overcome some of the methodological issues associated with current dietary 27 assessment methods, dietary biomarkers are being utilized. Dietary biomarkers, for example 28 urinary nitrogen a marker of protein intake, provide unbiased estimates of intake and can 29 therefore be used to validate classical self-reporting approaches [1, 2] . More recently 30 metabolomics has emerged as a valuable tool in the discovery of dietary biomarkers. A 31 number of dietary biomarkers have been successfully identified including biomarkers of fish 32 [3] [4] [5] , red meat [6] [7] [8] , cruciferous vegetables [9, 10] , whole-grain cereals [11, 12] and coffee 33 [13, 14] . However, the majority of these studies with the exception of alkylresorcinols, To date one of the most studied dietary biomarkers identified using a metabolomics approach 39 is proline betaine [15, 16] . A number of acute and medium term interventions and cohort 40 studies have identified proline betaine as a robust biomarker of citrus fruit intake [15] [16] [17] [18] [19] [20] .
41
Proline betaine was originally identified as a potential citrus fruit biomarker by Atkinson et al. 42 [21] . Following this Heinzmann and colleagues preformed an acute intervention study [16] . In 43 this acute study participants consumed a mixed-fruit meal and urine samples were collected 44 and analyzed by 1 H Nuclear Magnetic Resonance (NMR) [16] . Multivariate analysis 45 identified proline betaine as a potential biomarker of citrus fruit intake. Furthermore, proline 46 betaine was assessed in a number of fruit and commercially available fruit juices and was
47
found in higher concentrations in citrus fruit. The urinary excretion profile of proline betaine 48 was measured following orange juice consumption in six participants. This biomarker was 49 then confirmed using data from participants in the INTERMAP UK cohort, demonstrating a high sensitivity and specificity for citrus fruit consumption (90.6 % and 86.3 %, respectively) 51 and a significant correlation with citrus consumption (R 2 = 0.80) [16] . Furthermore, following 52 consumption of 200 ml of orange juice as part of a standardized test breakfast Lloyd et al.
53
identified proline betaine and a number of biotransformed products in postprandial urine [17] .
54
Urinary proline betaine measurements also distinguished between low, medium and high Information Figure S1 ). For the present study data from the NutriTech food intake study is and fat intake increasing from week one to week three (Supporting Information Figure S2 ).
97
Leftovers were measured and recorded where appropriate. Urine and plasma samples were 98 collected (Supporting Information Figure S3 based on the four days of recording) was computed for the total citrus food group. Under-136 reporters of energy intake were identified as having a ratio of energy intake:BMR of < 1·1
137 [23] . During the data collection period, a 50 ml first void urine sample was also collected 138 from participants. All urine samples were centrifuged at 1800 x g for 10 min at 4ºC and stored
139
at -80ºC for analysis. participants and served as a test set, the remaining 40 participants served as a training set.
167
Concentration curves were determined based on data from the training set and orange juice 168 intakes were predicted in the test set based on the proline betaine concentrations in urine 169 using curve-fitting software (WinCurveFit). Concentration curves were also determined using 170 data from the NutriTech total population (n = 50) and citrus intakes were predicted in the 171 NANS cohort. Bland and Altman plots were made via GraphPad Prism 6.0 to assess 172 agreement between the predicted (based on proline betaine concentrations) citrus intake and 173 actual (NutriTech intake) or recorded (food diary) citrus intake in the test set and the NANS cohort [24] . The association between the actual intake and the predicted orange juice intake was also examined using Spearman's correlations. Table S2 ). Figure 2D ).
216
The association between actual orange juice intakes and predicted orange juice intakes was 217 assessed using Spearman's correlations coefficient. Actual orange juice intake showed a 218 significant association with predicted orange juice (Supporting Information Table S4 ). The Table S4 ).
Prediction of citrus intakes in an independent cohort
224
The calibration curve determined using NutriTech participant's (n = 50) fasting urine proline 225 betaine concentrations was used to predict citrus intake for the NANS participants (n = 565).
226
Bland and Altman plots were used to assess the agreement between participant's self-reported 227 mean daily citrus intake and predicted citrus intakes from the participant's proline betaine 228 concentrations in the fasting urine sample (normalized and not normalized to osmolality)
229
( Figure 3A , Figure 3B ). Mean daily citrus intake both normalized and not normalized for difference (bias) between recorded citrus intake and predicted citrus intake using proline 232 betaine concentrations not normalized to osmolality was 21.6 g ( Figure 3A ). The mean 233 difference (bias) between recorded citrus intake and predicted citrus intake using proline 234 betaine concentrations normalized to osmolality was smaller (4.3 g) ( Figure 3B ).
235
Disagreement between measurements was greatest for high predicted intakes. Twenty-two 236 participants were predicted to have higher citrus intake compared to the self-reported data.
237
Upon further investigation, seven participants were identified as under-reporters and three 238 participants were supplement users. When data was normalized to osmolality the number of 239 participants having predicted citrus intakes higher than recorded intakes was reduced (15 240 participants). 
Discussion
243
The present study has made significant advancements in the dietary biomarker field.
244
Primarily, the development of calibration curves successfully enabled proline betaine to be 245 used to estimate citrus intakes in a large cross-sectional study. Furthermore, this was profiles [25] .
282
While there has been significant interest in using metabolomics to identify dietary biomarkers
283
there has been a lack of studies demonstrating the use of such biomarkers in predicting intake.
284
In a recent study a dose-response relationship between tartaric acid and grape intake was proline betaine levels differed among low, medium and high citrus consumers after an 292 overnight fast [17] . However, estimations of consumption were based on self-reporting data 293 from an FFQ and the dose-response of proline betaine with citrus intake was not investigated.
294
Proline betaine has also been identified as a biomarker of citrus intake using three study 295 designs; a short term intervention where an acute dose of orange/grapefruit juice was 296 consumed, a medium term intervention where orange juice was consumed regularly for one 297 month, and a cohort study where high or low consumers of citrus products were identified from a 24 h recall [15] . The focus of this study however was on the discovery of biomarkers 299 and therefore did not examine the dose-response. Furthermore, previous studies have shown 300 that proline betaine has a relatively short half-life; however, this did not seem to impact on its were demonstrated [6] . The current study used a well-controlled intervention study to develop 307 calibration curves which enabled prediction of intake in a free-living cross-sectional cohort 308 marks a very significant step forward in the field of dietary biomarkers.
310
There are a number of strengths associated with the present study. 
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